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Micromorphological studies revealed the developmental changes in micropropagated 
plants of Morinda citrifolia L. from in vitro conditions to field environment. The lower 
relative humidity, higher light intensity and septic stressful conditions in the field envi-
ronment could make gradual changes in the micropropagated plants so as to adapt the 
external environment. Arrested stomatal development, single guard cells and indistinct 
subsidiaries were observed in vitro with highest stomatal density (52.0±0.11) obtained in 
the ambient in vitro environment. The development of tissues, epidermal ornamentation, 
efficient stomatal functionality and vein-islets numbers (12.0±0.0) during in vivo transfer 
may help in acclimation of micropropagated plants under field conditions. Raphides were 
observed in the in vitro propagated as well as in vivo transferred plantlets. The gradual 
acclimatisation and ex vitro rooting technique increased the survival rate of plantlets in the 
field. The micromorphological changes resulting from in vitro to field environments are 
important to understand the development of tissues and adaptation of micropropagated 
plants, which could help in improvement in survivability during field trials.
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INTRODUCTION
Morinda citrifolia L. (Rubiaceae) commonly known as Indian mulberry or 
Noni is a small glabrous tree, grows up to 4–9 m height and it is a rich source 
of life supporting secondary metabolites like anthraquinones, phenolic com-
pounds, alkaloids, organic acids etc. (Wang and Su 2001). It is widely used to 
treat broken bones, deep cuts, bruises, sores and wounds in Indian traditional 
systems of medicines (Rethinam and Sivaraman 2007). Noni was reported 
for its broad range of therapeutic values against cancer, arthritis, diabetes, 
asthma, and hypertension (Chan-Blanco et al. 2006). The plant possesses sig-
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nificant immune-enhancing effects, smooth muscle stimulatory activity, his-
taminergic, antibacterial, antiviral, antitubercular, anti-inflammatory, analge-
sic, antioxidant and hypotensive effects (Furusawa et al. 2003).
The in vitro culture technique in M. citrifolia could provide continuous 
supply of better source of elite plant to be used as standard material in the 
field of drug research as well as in manufacturing of drugs. The in vitro regen-
eration of M. citrifolia has been reported by many research groups (Shekhawat 
et al. 2015, Sreeranjini and Siril 2014). Success in micropropagation technology 
could be achieved by production of large number of true-to-type regenerates 
with high survival rate in the field conditions, high accumulation of second-
ary metabolites under in vitro culture and enhanced carbohydrate metabo-
lism during ex vitro transfer (Sahay and Varma 2000).
The success of in vitro technology in plant propagation hindered due 
to the failure of the tissue culture raised plants under field conditions. The 
profound understanding of the altered foliar micromorphology during plant 
development due to various stresses is of immense importance in predicting 
and improving the survival rate of plantlets from in vitro culture conditions 
to the acclimatisation stages (Moyo et al. 2015, Pospisilova et al. 1999, Sahay 
and Varma 2000). Therefore, the aim of the present study was to understand 
the foliar developmental changes in M. citrifolia based on micromorphological 
features from in vitro to field environment. The study could help in the suc-
cessful establishment of micropropagated plantlets of M. citrifolia.
MATERIALS AND METHODS
In vitro propagation of Morinda citrifolia – Cultures were established accord-
ing to our earlier report on efficient micropropagation of M. citrifolia (Shekha-
wat et al. 2015). Briefly, the nodal segments from four-year-old healthy plants 
were cultured on MS medium (Murashige and Skoog 1962) supplemented 
with 4.0 mg L–1 6-benzylaminopurine (BAP). The in vitro regenerated shoots 
with mother explants were subcultured on MS medium augmented with 2.0 
mg L–1 BAP and 1.0 mg L–1 Kinetin (Kin). The cultures were incubated at 25±2 
°C temperature, 60–70% relative humidity (RH) and 40–50 μmol m–2 s–1 Spec-
tral Flux Photons (SFP) light intensity under 12 h/d. The microshoots were 
rooted in vitro on half strength agar-gelled MS medium containing 1.0 mg 
L–1 IBA (Indole-3 butyric acid). Ex vitro rooting was achieved by treating the 
shoots with 300 mg L–1 IBA for 5 min. The regenerated plants were trans-
ferred to ecofriendly paper cups containing soilrite®, moistened with 1/4th 
MS macrosalts solution, maintained in the greenhouse for 4 weeks and finally 
established in the field conditions (Fig. 1A–F).
Foliar micromorphological studies – Experiments were conducted to study 
the foliar micromorphological changes (leaf constants) during plant develop-
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mental processes from in vitro to field environments such as venation pat-
tern, vein density (vein-islets and veinlet terminations), types of stomata, 
stomatal density, stomatal index, and raphide density of the leaves of plants 
developed in vitro after 4th subculture in multiplication phase and field es-
tablished plants (after 6th week). Randomly selected leaf specimens at differ-
ent developmental stages under in vitro and the field conditions were used. 
Completely expanded entire leaf samples at third to seventh leaves from the 
base were used to investigate the surface microstructures on the adaxial and 
abaxial surfaces. The paradermal sections were prepared by standard method 
(Johansen 1940) for the observation of developmental changes in structure and 
functioning of the stomata, stomatal morphology and distribution of raphides.
To study the leaf architectural development (venation study), leaves re-
quired from each stages were excised and fixed primarily in formalin acetic 
acid ethanol (FAA, 1:1:3) solution. The fixed leaves were treated with 70% 
ethanol (v/v) to remove the chlorophyll (12–24 h) and bleached with 5% (w/v) 
NaOH for 24–48 h. Thereafter, the leaf materials were rinsed in distilled wa-
ter and allowed to remain in saturated chloral hydrate/sodium hypochlorite 
solution for 12 h (Sass 1940). The cleared leaves were used to study the de-
velopmental changes in venation pattern, vein density (vein-islets and vein-
let terminations) and raphide density. The terminology adopted for stomatal 
Fig. 1. Stages (A–F) in micropropagation of Morinda citrifolia
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study and venation pattern was of Hickey and Wolfe (1975), respectively. The 
intermediate types of stomata have been described by following the classifi-
cation and terminology as suggested by Croxdale (2000). The materials were 
stained with 1% (v/v) safranine (Loba chemie, India) aqueous solution for 4–8 
min, rinsed carefully in distilled water to remove excess stain, mounted in 
water, examined under photomicroscope (Labomed iVu 3100, USA) and ana-
lysed using software Pixelpro.
Observations and data analysis – The experimental design consisted of two 
treatments (in vitro and field transferred plants) with ten replicates and re-
peated thrice. The data were subjected to analysis of variance and the signifi-
cance of differences among mean values was carried out using Duncan’s Mul-
tiple Range Test (DMRT) and reported as mean±standard error of the mean 
using SPSS software, version 16.0 (SPSS Inc., Chicago, USA). Values were re-
garded as significant at P < 0.05.
RESULTS AND DISCUSSION
A proper understanding of the micromorpho-physiological characteristics 
and adjustments of in vitro raised plants during acclimatisation could be the 
critical and essential part of development of successful propagation protocol. 
The specific in vitro culture environments are responsible for the genetic and 
epigenetic characteristics, and altered physiology and anatomy (Jain 2001). The 
in vitro induced changes have to be repaired through subsequent acclimatisa-
tion before field transplantation of the plantlets (Pospisilova et al. 1999).
The present study was undertaken to examine the foliar micromorpho-
logical structures found across the developmental stages of leaves of in vitro 
propagated and field transferred plants of Morinda citrifolia. An examination 
of in vitro raised plants showed no morphological differences compared to 
the field transferred plants except in size of the organs. The plantlets pos-
sessed angular stem with broadly elliptic, glabrous shining leaves and sup-
pressed peduncle. The leaves of in vitro raised shoots were small, lanceolate, 
glabrous and shining. The midrib and lateral veins were non-prominent and 
obscure. Gradual acclimatisation followed by field transplantation develops 
normal sized, lanceolate, glabrous, shining, bright green leaves, prominent 
midrib with 8–10 pairs of veins similar to its mother plants in nature.
Epidermal and stomatal studies
The paradermal sections of the leaves showed the presence of single lay-
ered epidermis on both the surfaces. The abaxial epidermal cells were loosely 
arranged, small in size, unorganised in shape, mostly rectangular or squar-
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ish with few undulations under in vitro culture conditions (Fig. 2A). Field 
emerged leaves presented distinct, tightly packed, highly wavy epidermal 
cells with sinuous anticlinal walls (Fig. 2B). The epidermal cells overlaying 
the veins (costal cells) were elongated, rectangular and polygonal in shape 
with straight anticlinal walls, and differed from epidermal undulations. Such 
differentiations were absent and obscure in the leaves of in vitro raised shoots. 
The development of thick and compact epidermal faces under higher light 
intensity in the field environment could reduce water loss by reflecting exces-
sive radiation (Souza et al. 2010).
Leaves were hypostomatic and the abaxial epidermis had random distri-
bution of stomata. The stomata were paracytic, both subsidiary cells were par-
allel to the long axis of the guard cells. The stomata consisted of biconvex lens 
shaped opening with crescent shaped guard cells and remained always opened 
irrespective of the time of examination under in vitro conditions (Fig. 2C). The 
stomata were closed, elliptic, functional and equal in size under the stressful 
environmental conditions in the field. Stomata displayed great structural diver-
sity, the subsidiaries with different shapes and stained distinctly from the epi-
dermal cells under in vitro conditions. Stomatal abnormalities such as arrested 
stomatal development, single guard cells and indistinct subsidiaries were ob-
served in vitro, but these features were absent under field environment.
Fig. 2. A = Stomatal density in abaxial epidermis of in vitro raised leaves. B = Stomatal 
density in abaxial epidermis of leaves of field transferred plantlets. C = Enlarged view of 
epidermal cells with stomata of in vitro leaves. D = Enlarged view of epidermal cells with 
stomata of field transferred leaves. Scale bar: A, B = 100 μm, C, D = 200 μm
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The field transferred leaves showed characteristic structural arrange-
ment of Rubiaceous stomata with distinguished subsidiaries and orderly sin-
uous epidermal cells (Fig. 2D). The stomatal structure and density are causa-
tive factors to excessive water loss in field grown plants (Chirinéa et al. 2012). 
Stomatal abnormalities under in vitro culture conditions were also reported 
in Elaeis guineensis (Luis et al. 2010), Ficus carica (Chirinéa et al. 2012) and Cou-
roupita guianensis (Shekhawat and Manokari 2016a).
The position of the stomata varied and faced in all directions with in vitro 
leaves but the field transferred leaves exhibited certain order of distribution. 
The density of stomata in acclimatised plants decreased as the leaf matured 
in field grown plants. The stomatal density and stomatal index of in vitro 
emerged leaves were 52 and 20.6, reduced to 20 and 15.3 in field transferred 
plants (Table 1). The gradual acclimatisation and field transfer led to the de-
velopment of leaf tissues with increased rate of photosynthesis. Shekhawat 
and Manokari (2016a, b) also reported that the stomatal density of in vitro re-
generated Couroupita guianensis and Hemidesmus indicus plants changed with 
the physiological age of the leaf. Stomatal density and their functionality de-
pend on the light intensity and CO2 concentrations of the environment where 
they survive (Yokota et al. 2007).
Table 1
Stomatal density and stomatal index of leaves emerged in vitro and after transplantation 
of plants 
Field No. Stomatal density (mean±SD) Stomatal index (SI) (mean±SD)
In vitro Field environment In vitro Field environment
1 52.7±0.11b 18.5±0.24a 19.8±0.16c 15.7±0.00c
2 51.4±0.16a 19.6±0.19c 21.4±0.00d 15.4±0.27bc
3 53.6±0.00c 21.3±0.24e 19.5±0.11bc 14.9±0.14ab
4 52.2±0.10b 21.0±0.11e 19.0±0.17a 15.5±0.19c
5 51.7±0.19ab 21.8±0.26f 19.2±0.12b 15.3±0.14b
6 51.0±0.28a 19.6±0.12c 19.9±0.19c 15.9±0.00d
7 53.3±0.20c 20.0±0.19d 21.2±0.25d 14.5±0.14a
8 51.8±0.00ab 19.2±0.15b 20.0±0.10c 14.7±0.22a
9 51.0±0.19a 19.6±0.13c 19.2±0.27b 15.2±0.12b
10 51.3±0.22a 19.4±0.17b 21.4±0.00d 15.9±0.19d
Mean 52.0±0.11 20.0±0.39 20.6±0.17 15.3±0.13
Mean values were analysed using SPSS software (ver. 16.0), the values represented in 
corresponding column followed by same letters are not significantly different accord-
ing to Duncan’s Multiple Range Test at P < 0.05
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We observed clear difference between costal and intercostals cells of 
field emerged leaves. The opened stomata with round guard cells under in 
vitro conditions were changed to the sunken elliptical normal stomata in field 
grown plants, which have also been reported in a number of plant species 
(Lodha et al. 2015). The abnormal feature of stomata, always in open condi-
tions irrespective of the time is due to abnormal cell wall properties and im-
balanced function of the protoplasts in the guard cells (Zeiger 1983).
Study of venation and vein-islets
Obscure venation and unorganised shaped vein-islets were observed for 
in vitro leaves. Reticulate venation, rhomboidal and rectangular vein-islets 
were reported in the field transferred leaves. The in vitro leaves possessed 
fewer vein-islets and veinlet terminations as compared to the field transferred 
plantlets (Fig. 3A). The number of vein-islets and veinlet terminations were 
increased, distinct and rhomboidal in shape under field conditions (Fig. 3B). 
The vein-islets of in vitro plants increased from 4.0 to 12.0 when transferred 
to the field (Table 2). The veinlet terminations of in vitro leaves were simple, 
ranging 0–1 per islet, but higher number of veinlet terminations (1–2) devel-
oped in the leaves of field transferred plants. The increased veinlet termina-
tions and closed venation pattern develops during the period of intercalary 
meristematic activity in the laminae leads to the maturation of leaves (Engard 
1944). The prominent veins in the field transferred plants supports the devel-
opment of vascular tissues and ensures translocation of minerals and nutri-
ents (Miller 1990).
The gradual acclimatisation processes induce the innate ability of the 
plants to adapt stressful field environment. Marin (2003) reported that the 
evaluation of leaf anatomy would contribute to the understanding of the 
physiological and structural modifications for micropropagated plants and 
Fig. 3. A = Venation pattern and raphide density in leaves of in vitro raised shoots. B = De-
velopment of vein density and raphides after transplantation (VI = vein-islet, VT = veinlet 
termination, RP = raphides). Scale bar: 100 μm
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Table 2
Differences in number of vein-islets and raphides density of in vitro and field transferred 
plants
Field No. Number of vein-islets/mm2 (mean±SD) Raphide density/mm2 (mean±SD)
Under in vitro 
environment
Field transferred 
plants
Under in vitro 
environment
Field trans-
ferred plants
1 4.2±0.17e 11.6±0.22b 25.3±0.14f 35.9±0.10b
2 3.9±0.24c 11.2±0.19a 24.0±0.11e 36.2±0.15c
3 4.6±0.41g 12.9±0.11f 23.8±0.10d 34.9±0.24a
4 3.3±0.33a 12.4±0.25d 24.5±0.00e 35.7±0.13b
5 3.8±0.19bc 11.7±0.14b 20.0±0.12a 36.4±0.10c
6 3.6±0.11b 11.2±0.00a 23.4±0.19d 36.1±0.21c
7 4.4±0.00f 11.9±0.21c 21.8±0.26b 35.3±0.19b
8 4.0±0.10d 12.5±0.28d 23.6±0.21d 36.8±0.11c
9 4.2±0.23e 12.0±0.16c 22.0±0.14c 36.4±0.00c
10 4.0±0.15d 12.6±0.12e 21.6±0.10b 36.3±0.19c
Mean 4.0±0.26 12.0±0.00 23.0±0.13 36.0±0.15
Mean values was analysed using SPSS software (ver. 16.0), the values represented in 
corresponding column followed by same letters are not significantly different accord-
ing to Duncan’s Multiple Range Test at P < 0.05
Fig. 4. A, C = Raphides and their morphology under in vitro conditions. B, D = Increase in 
raphide density and their morphology under field conditions (RP = raphides). Scale bar: A, 
B = 100 μm, C, D = 200 μm
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give information applicable to the plant adaptation to the new environment. 
These changes increase the survivability of plants during acclimatisation.
Development of crystals (raphides)
The present investigation reveals the abundance of raphides in the in 
vitro as well as in vivo grown leaves of Morinda citrifolia. The leaf blade con-
sisted of large cells comprised of solitary calcium oxalate styloid crystal bun-
dles (Fig. 4A–B). The density of raphides visibly increased from 23 to 33 as 
the leaves mature in the field (Table 2). The leaves under in vitro conditions 
possessed underdeveloped raphides with blunted ends were developed with 
pointed ends in the field conditions (Fig. 4C–D). The increase in number of 
raphides under natural light conditions with incident solar radiation in the 
field environment might be due to their reactivity with oxalic acids and cal-
cium accumulation, interference with increased metabolic, as well as physi-
ological activities of regenerated plantlets of M. citrifolia.
It has been reported that the presence of crystals in higher plants enhanced 
the physical protection from herbivory and pathogens (Hanley et al. 2007). The 
results suggest that the environmental factors affect the formation of calcium 
oxalate crystals in M. citrifolia. The development of crystals occurs by the ran-
Fig. 5. Types of raphides and crystals developed in field transferred plants. A, B = Develop-
ment of contiguous raphides in field transferred plants. C = Raphides and rosette aggre-
gate crystals in costal cells of field transferred plants. D = Development of starch grains in 
field transferred plants (CRP = contiguous raphides, RP = raphides, RAC = rosette aggre-
gate crystals, SG = starch grains). Scale bar: A, B = 100 μm; C, D = 200 μm
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dom distribution of dissolved calcium and oxalate ions in the cells. The low 
concentration of dissolved ions causes other surrounding nuclei to dissolve, 
mediates the formation of one crystal per idioblast cell (Khan and Siddiqi 2014).
The field transferred plants develop contiguous raphides, and rosette ag-
gregate calcium oxalate crystals along with the raphides in the costal cells (Fig. 
5A–C). Granular resins and starch grains were also observed in the meso phyll 
cells (Fig. 5D). Roonyamarai et al. (2011) and Shikerkar and Shrikanth (2015) 
also reported rosette aggregate crystals and raphides in the leaves of Morinda 
elliptica and M. citrifolia, respectively. The development of calcium oxalate 
crystals and their shapes were controlled genetically and influenced by light, 
temperature, soil, water and metal stresses (Kostman et al. 2001).
CONCLUSIONS
The comparative foliar micromorphological study of the in vitro grown 
and field transferred plants of Morinda citrifolia indicated the gradual devel-
opment of epidermal ornamentation, stomatal functionality, raphide density 
and presence of rosette aggregate crystals. The stomatal density and stomatal 
index of in vitro emerged leaves were higher as compared to the field trans-
ferred plants. However, the numbers of vein-islets and veinlet terminations 
per area of in vitro plants increased when transferred to the field. The results 
could help in better understanding the survival possibility and successful 
transfer of in vitro produced plantlets to the natural soil conditions.
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